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A B S T R A C T 

We have not yet observed the epoch at which disc galaxies emerge in the Universe. While high- z measurements of large-scale 
features such as bars and spiral arms trace the evolution of disc galaxies, such methods cannot directly quantify featureless discs 
in the early Universe. Here, we identify a substantial population of apparently featureless disc galaxies in the Cosmic Evolution 

Early Release Science (CEERS) surv e y by combining quantitative visual morphologies of ∼7000 galaxies from the Galaxy 

Zoo JWST CEERS project with a public catalogue of expert visual and parametric morphologies. While the highest redshift 
featured disc we identify is at z phot = 5 . 5, the highest redshift featureless disc we identify is at z phot = 7 . 4. The distribution of 
S ́ersic indices for these featureless systems suggests that they truly are dynamically cold: disc-dominated systems have existed 

since at least z ∼ 7 . 4. We place upper limits on the featureless disc fraction as a function of redshift, and show that up to 75 

per cent of discs are featureless at 3 . 0 < z < 7 . 4. This is a conserv ati ve limit assuming all galaxies in the sample truly lack 

features. With further consideration of redshift effects and observational constraints, we find the featureless disc fraction in 

CEERS imaging at these redshifts is more likely ∼29 –38 per cent . We hypothesize that the apparent lack of features in a third 

of high-redshift discs is due to a higher gas fraction in the early Universe, which allows the discs to be resistant to buckling and 

instabilities. 

Key words: galaxies: abundances – galaxies: disc – galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: high- 
redshift – galaxies: structure. 
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 INTRODUCTION  

lassifying the morphologies of galaxies is crucial to our under- 
tanding of galaxy evolution as whole. The morphology encodes the 
istory of each galaxy and is indicative of its dynamical state; with
ispersion supported systems having undergone a redistribution of 
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ngular momentum (often via major mergers), whereas rotationally 
upported dynamically cold galaxies develop a range of easily 
dentifiable features (such as bars, spiral arms, rings). Such features 
re a fossil record of the disc instabilities and interactions the galaxy
as experienced. This dichotomy between dispersion and rotationally 
upported systems at low redshift is clear (Lintott et al. 2008 ; Nair &
braham 2010 ; Willett et al. 2013 ), with galaxies falling into the
istinct morphological categories of the Hubble Sequence (Hubble 
926 ). Ho we ver, at higher redshifts in Hubble Space Telescope
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 HST ) imaging, galaxies become more peculiar in morphology, with
lumpier morphologies dominating (Elmegreen & Elmegreen 2005 ;
immons et al. 2017 ; Tohill et al. 2024 ). 
Studying the change in morphologies o v er cosmic time therefore

llows the epoch of the emergence of the Hubble Sequence to be
etermined. In particular, an ongoing open question is how and
hen hot gas discs in the early Universe dynamically settled into the

trongly rotation-dominated structures that we see today? Answering
uch a question has many implications for our understanding of the
ole of galaxy and halo mergers, disc instabilities, and the gas and
aryon fractions of galaxies in the early Universe. 
Pre vious observ ational studies with HST have attempted to de-

ermine the maximum redshift at which it is possible to detect the
allmark features of dynamically cold disc galaxies, such as bars
e.g. Simmons et al. 2014 , z ∼ 2) and spiral features (e.g. Margalef-
entabol et al. 2022a , z ∼ 2 . 5 –3). The observational consensus

rom studies using HST imaging was that z ∼ 2 appeared to be the
ain period of disc assembly, during which rotationally supported

alaxies begin to dominate the galaxy population (Conselice et al.
011 ; Kassin et al. 2012 ; Buitrago et al. 2014 ; Simmons et al.
017 ; Simons et al. 2017 ; Costantin et al. 2022 ). Ho we ver, using
ST , the field has been limited to studying the rest-frame optical
orphology of galaxies at redshifts z < 2 . 8 (using the longest
avelength Wide Field Camera 3 filter F160W). Using the JWST ,

est-frame optical images can now be obtained for galaxies out
o z ∼ 8 using the F444W filter with the Near-Infrared Camera
NIRCam), and at higher redshifts with the Mid-Infrared Instrument
t lower resolution. In addition, JWST ’s primary mirror is more than
.5 times the diameter of HST ’s, meaning that deeper imaging is
ossible. These advancements have allowed the identification of
orphological features in JWST imaging at higher redshifts than

ver before, such as spiral arms (out to z ∼ 4; e.g. Wu et al. 2023 ;
uhn et al. 2024 ), bars (out to z ∼ 4; e.g. Costantin et al. 2023 ; Guo

t al. 2023 ; Le Conte et al. 2024 ) and clumps (out to z ∼ 8; e.g Kalita
t al. 2025 ; Tohill et al. 2024 ). 

Ho we ver, there is still disagreement in the literature of cosmologi-
al volume simulations o v er the epoch of disc formation, or ‘settling’.
n current cosmological models employing � CDM, the gravitational
ollapse of small perturbations in the distribution of matter eventually
eads to galaxy formation (Silk & Mamon 2012 ). What follows is
 mix of hierarchical structure formation through halo mergers and
mooth accretion leading to the prediction that high redshift galaxies
re compact, clumpy, and peculiar in morphology (Cen & Kimm
014 ; Shimizu et al. 2014 ). Ho we ver, since angular momentum will
lso be present as a result of tidal torques, then a rotating gas disc
hould form upon gravitational collapse (Fall & Efstathiou 1980 ;
arnes & Efstathiou 1987 ; Fall 2002 ). 
Ho we ver, cosmological volume simulations only predict late-

ime evolution of disc galaxies in their simulated universes, with
ost studies struggling to produce disc galaxies earlier than z ∼ 4.
 or e xample, in the Millennium simulation, Parry, Eke & Frenk
 2009 ) find a median formation epoch for spirals/S0s in the range
 . 18 < z < 1 . 38, with a maximum formation redshift of z ∼ 3 –4.
n the Illustris TNG50 simulations, Pillepich et al. ( 2019 ) find an
verage V / σ < 3 for galaxies at z > 3, while Semenov et al. ( 2024 )
nd a range of disc spin-up times (a proxy for disc formation

ime) of 2 < z < 5 for Milky Way analogues. Ho we ver, in the
orizon-AGN simulation, Dubois et al. ( 2016 ) track V / σ evolution

a measure of the ratio between ordered and turbulent motion in
 galaxy), showing rotation-dominated galaxies with high V / σ at
 Gyr ( z ∼ 6) into the Universe’s lifetime. This lack of discs at high-
 in simulations is perhaps unsurprising given the computational
NRAS 539, 1359–1371 (2025) 
onstraints on volume and resolution which restrict the dynamic
ange in o v erdensities probed; Lo v ell et al. ( 2021 ) hav e attempted to
 v ercome this restriction with the FLARES simulation by employing
 no v el weighting scheme, but did not consider disc fractions in that
ork. 
In addition, zoom-in simulations (which draw from the above par-

nt cosmological volume simulations with limited dynamic ranges)
lso struggle to form disc galaxies at early times. For example,
everino et al. ( 2017 ) show with the AGORA simulation that while
 galaxy can evolve into a disc in just 0 . 5 Gyr , such galaxies are only
n place by z ∼ 1 . 2. Using the VINTERGATAN simulation, Agertz
t al. ( 2021 ) showed that for a Milky Way analogue galaxy, disc
ormation occurred between 1 . 3 < z < 3 . 5. Similarly, in the FIRE2
imulations McCluskey et al. ( 2024 ) study the kinematic evolution of
4 Milky Way mass galaxies and find a range of disc settling epochs
rom z ≈ 0 . 4 –1, with the earliest time of disc onset at z ≈ 2. 

Ho we ver, note that Wilkinson et al. ( 2023 ) and Bland-Hawthorn
t al. ( 2024 ) warn that simulated galaxies within halos with N <

0 6 dark matter particles are susceptible to spurious morphological
 volution. Similarly, Ludlo w et al. ( 2021 ) find that dark matter halos
ith N < 10 6 particles will include spurious collisional heating of

tars near the stellar half-mass radius such that their v ertical v elocity
ispersion increases by 10 per cent of the halo’s virial velocity in
oughly one Hubble time. This was also discussed by Fujii et al.
 2011 ) who state that N � 10 6 particles in discs are necessary in
imulations to a v oid artificial heating through close encounters with
assive particles, which can lead to rounder spheroidal systems
hich loose their rotational support. In addition, Fujii et al. ( 2018 )
emonstrated how simulation size, N , is coupled to bar formation
ime-scales in simulated disc galaxies. It is therefore unsurprising
hat there are some zoom-in simulations which are able to predict
he existence of discs at early epochs. Using the SERRA simulation,
ohandel et al. ( 2024 ) found that dynamically cold discs are pre v alent

n the early Universe, with massive galaxies ( M ∗ > 10 10 M �) with
 /σ > 10 at z > 4 maintaining cold discs for o v er 10 galaxy orbital
eriods. Critically, Kohandel et al. ( 2024 ) find no evolution in the
verage V /σ with redshift out to z = 9. This is in agreement with
he work of Feng et al. ( 2015 ), who find that kinematically classified
iscs (with V /σ > 4) make up 70 per cent of the galaxy population
t z = 8 –10 in the BlueTides hydrodynamical simulation, but that
rucially these systems do not have features (see their fig. 1). 

If a galaxy is absent of features such as spiral arms and/or a bar,
he typical assumption is that it is dynamically hot and therefore

ust have an elliptical or lenticular morphology; ho we ver, it is
lso possible for a galaxy to be dynamically cold with a smooth,
eatureless disc (such galaxies have been observed at low-redshift;
.g. Fraser-McKelvie et al. 2018 ). For galaxies to be truly featureless,
he galaxy must be free of processes which induce perturbations
n the stellar disc, whether density waves, disc instabilities, tidal
nteractions, or otherwise. Elmegreen & Struck 2013 showed how
 xponential discs dev elop from stellar scattering alone, and no other
erturbations are required. Gas rich systems in particular are more
esistant to buckling and instabilities ( Łokas 2020 ), with the high
edshift Universe thought to have higher molecular gas fractions
e.g. Wang et al. 2022 ; Heintz et al. 2023 ). In recent simulations
sing NEXUS, Bland-Hawthorn et al. ( 2023 , 2024 ) have shown how
as fraction is secondary to the baryonic versus dark matter fraction
ithin the disc, f disc , with relation to the formation epoch of bar

tructures. It is only when baryons dominate o v er dark matter, i.e.
 disc > 0 . 5, that bars form in discs after 0 . 7 Gyr (Bland-Hawthorn
t al. 2024 ); prior to that the discs are featureless. Therefore, previous
tudies which identify solely large-scale features in an attempt to
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Figure 1. The first two questions in the GZ CEERS decision tree, reproduced from the full version in Masters et al. (in preparation). 

c
w  

u
 

s
a
T  

i
o
t
C  

l  

m
fi
i
a
(  

L  

2
l
m
n
a
a
H  

S  

e  

2  

D  

a  

p
(  

d  

i

r
c  

S  

E  

D
H
S
e  

i

g
t  

s  

a
S
∼  

p

t
i  

p
c  

T  

a  

c  

d  

P
m  

t  

fi  

F  

b
(  

2
i  

2  

o  

e  

w  

t  

t  

l
 

r
o  

2  

a  

f
i
s
t
T  

r  

h  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/2/1359/8099940 by guest on 29 Septem
ber 2025
haracterize the epoch of the emergence of the Hubble Sequence 
hich do not account for the possibility of a featureless disc, will
nderestimate the redshift at which discs emerge. 
Ho we ver, without the features that identify a galaxy as rotationally

upported (e.g. bars, spiral arms), identifying a featureless galaxy as 
 dynamically cold system with imaging data alone is not trivial. 
he light profile of a galaxy is thought to trace whether a galaxy

s rotational or dispersion dominated, resulting in the possibility 
f both a visual and parametric classification of a disc, reducing 
he need for spectral follow-up to trace the stellar kinematics. 
lassifying galaxy morphologies ho we ver, is not tri vial. Due to the

arge size of current data sets, the field has turned to automated
orphological classifications which fall into two categories. First, 
tted morphologies (e.g. parametric morphologies such as S ́ersic 

ndex, or non-parametric morphologies such as concentration and 
symmetry), which have been a mainstay of the field for decades 
Abraham et al. 1994 , 1996 ; Schade et al. 1995 ; Conselice 2003 ;
otz, Primack & Madau 2004 ; Tohill et al. 2021 ; Lazar et al.
024 ). Ho we ver with increasing redshift, fitted morphologies become 
ess-informative due to resolution limitations. In addition, fitted 
orphologies reduce the complex information in images to single 

umbers; while useful, these parameters lack the complexity that 
 visual classification can capture. Secondly, machine learning has 
dvanced this field significantly (Dieleman, Willett & Dambre 2015 ; 
ocking et al. 2015 ; Huertas-Company et al. 2015 ; Dom ́ınguez
 ́anchez et al. 2019 ; Khan et al. 2019 ; Cheng et al. 2020 ; Ferreira
t al. 2020 ; Tang et al. 2022 ; Ghosh et al. 2023 ; Bom et al.
024 ), ho we ver, large training sets (with ∼10 5 expert classifications;
ieleman et al. 2015 ) do not yet exist for JWST imaging. Therefore,
 visual morphological classification of a galaxy from an image still
rovides the most informative and precise morphologies possible 
at least, given the data currently available for JWST ). For smaller
ata sets this is achie v able for a science collaboration, ho we ver with
ncreasing data set size this becomes unfeasible. 

The Galaxy Zoo collaboration has spent nearly two decades 
unning online citizen science projects which ask the public to 
lassify images from large galaxy surv e ys such as the Sloan Digital
k y Surv e y (Lintott et al. 2009 ; Willett et al. 2013 ), the Dark
nergy Camera Le gac y Surv e y (DECaLS; Walmsle y et al. 2022 ), the
ark Energy Spectroscopic Instrument (Walmsley et al. 2023 ), and 
ST Cosmic Assembly Near-infrared Deep Extragalactic Le gac y 
urv e y (CANDELS; Simmons et al. 2017 ). Recently, Walmsley 
t al. ( 2020 ) have implemented a dual approach with DECaLS
maging, using active learning to focus the volunteer effort on the 
alaxies which, if labelled, would be most informative for training 
heir CNN. Similarly, to prepare for the size of planned galaxy
urv e ys with JWST , the Galaxy Zoo collaboration has completed
 pilot study using public JWST Cosmic Evolution Early Release 
cience (CEERS; Finkelstein et al. 2023 ) NIRCam imaging of 
7000 galaxies (Masters et al. in preparation). In the rest of this

aper, we will refer to this project as GZ CEERS. 
GZ CEERS used a classification tree system to guide volunteers 

hrough a morphological classification, the top of which is shown 
n Fig. 1 (for the full decision tree please see Masters et al. in
reparation). The first question presented to volunteers was ‘Is the 
entral galaxy simply smooth and rounded, with no sign of a disc’?.
he response options were ‘smooth’, ‘features or disc’, and ‘star or
rtefact’. This resulted in a vote fraction of p featured , GZ for each galaxy
lassified, i.e. the number of people who picked ‘features or disc’
ivided by the total number of people who responded to the question.
revious Galaxy Zoo projects have demonstrated how volunteers are 
ostly influenced by the presence of features in a galaxy, rather

han the presence of a disc, when determining their response to this
rst question (e.g. see Simmons et al. 2017 ; Willett et al. 2017 ).
eatureless disc galaxies, lenticulars, and S0 galaxies have al w ays
een classified by volunteers in previous GZ projects as ‘smooth’ 
Willett et al. 2013 ; Simmons et al. 2017 ; Walmsley et al. 2020 ,
023 ). For low-redshift Galaxy Zoo projects, a bimodal distribution 
n p featured , GZ is typically seen (Willett et al. 2013 ; Walmsley et al.
022 ), with p featured , GZ allowing for a clean selection of a sample
f featured disc galaxies with high completeness. Ho we ver, Masters
t al. (in preparation) reported a one-sided distribution for GZ CEERS
ith a peak at p featured , GZ ∼ 0 . 25. Therefore, this initial question of

he decision tree in the pilot GZ CEERS project does not allow for
he selection of a sample of disc galaxies with high completeness
ike at low-redshift. 

Ho we ver, gi ven the high disc fractions of ∼40 –60 per cent
eported by other studies that have visual or automated classifications 
f the same CEERS field (e.g. Ferreira et al. 2023 ; Kartaltepe et al.
023 ; Huertas-Company et al. 2024 ; Tohill et al. 2024 ), the low
verage p featured , GZ in GZ CEERS suggests there is a large number of
eatureless discs in the CEERS field. The GZ CEERS classifications 
n combination with expert visual or parametric morphological clas- 
ifications, are therefore incredibly useful for identifying a sample of 
his forgotten population of featureless disc galaxies at high redshift. 
his pre v alence of featureless discs is unsurprising given the high

edshift range probed by CEERS, where observational biases pre v ail,
o we ver, gi ven the predictions from simulations discussed abo v e, in
MNRAS 539, 1359–1371 (2025) 
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his study we investigate the possibility of whether these galaxies are
ruly featureless. 

In this paper, we investigate the fraction of discs that appear
eatureless as a function of redshift, discuss whether they are truly
ynamically cold discs, and if so, why they lack the features typical
f disc galaxies. We describe the data sources and sample selection
n Section 2 . Our results are shown in Section 3 , we discuss the
mplications of these results in Section 4 , and we conclude in
ection 5 . In the rest of this work, we adopt the Planck 2015
Planck Collaboration XIII 2016 ) cosmological parameters with
 �m , �� , h ) = (0 . 31 , 0 . 69 , 0 . 68). 

 DATA  AND  METHODS  

.1 Galaxy Zoo CEERS 

he GZ CEERS project saw volunteers classifying images derived
rom the CEERS data release 0.5 (Bagley et al. 2023 ) of NIRCam
Rieke et al. 2023 ) imaging in the F115W, F150W, F200W, F277W,
356W, and F444W broad-band filters, plus the F410M narrow
and filter. Volunteers were shown chromatically mapped colour
mages (publicly released by the CEERS team), allowing the use of
nformation across many bands in allocating morphological labels.
or more details on the GZ CEERS project see Masters et al. (in
reparation). During the period of June to No v ember 2023, 7679
WST CEERS cutout images were shown to volunteers on the
alaxy Zoo website, which resulted in 311 413 unique classifications

ollected from 3496 unique Zooniverse volunteers logged in with
heir username (6957 classifiers including those not logged in). The
edian number of classifications per image was 40, with a minimum

f 39 and maximum of 89. The median number of classifications per
olunteer was 12, with a minimum of 1 and a maximum of 6945
lassifications. Note that the initial catalogue creation was intended
nly for object detection prior to the availability of a science-ready
atalogue, and only minimal effort was put initially into duplicate
emoval, so some galaxies were certainly shown in multiple images.
uplicates were then remo v ed in post-production, resulting in 6689

mages with classifications. 
We first remo v ed those images which are classified as ‘star or

rtefact’ by the volunteers from the o v erall sample and use a threshold
f p artefact < 0 . 5 to select classifiable galaxies. This threshold results
n the number of galaxies that were classifiable by GZ CEERS N GZ =
734. The decision of what threshold on the vote fraction to use to
btain a clean sample of a subset of galaxies with a given morphology
s not trivial (see more detailed discussion from previous Galaxy Zoo
rojects e.g. Lintott et al. 2009 ; Willett et al. 2013 ; Walmsley et al.
022 , 2023 ). Three authors (TG, IG, DO) independently visually
nspected the NIRCam imaging alongside the user vote fractions to
etermine the threshold at which a clean sample was obtained for a
iven question in the decision tree (see Fig. 1 ). Emphasis was placed
n purity o v er completeness in the decision of thresholds. To select
eatured galaxies, we therefore adopt a vote fraction p featured , GZ > 0 . 3.
his results in N feat, GZ = 1912 featured galaxies. 

.2 Redshifts 

edshifts were obtained from the HST CANDELS project (Grogin
t al. 2011 ; Koekemoer et al. 2011 ), by cross-matching to the CEERS
ata on sky co-ordinates. We note that at the time of preparation
nd submission of this manuscript, finalised CEERS photometric
edshifts were not yet available. The publically available published
ANDELS redshifts are a mix of photometric redshifts measured
NRAS 539, 1359–1371 (2025) 
rom multiwavelength broad-band HST imaging and spectroscopic
edshifts where available (see Kodra et al. 2023 for details on
edshifts). All of the GZ CEERS galaxies were matched to HST
ANDELS within 5 arcsecs radius. 87 per cent of the GZ CEERS

ample have photometric redshifts from CANDELS. 

.3 Comparison sample from Ferreira et al. ( 2023 ) 

n order to select a sample of featureless discs, we must combine the
alaxy Zoo featured classifications with expert morphological disc

lassifications. Here, we use the visual and parametric morphologies
f 4265 galaxies with CEERS imaging from Ferreira et al. ( 2023 ,
ereafter F23 ). In that study, six experts visually classified all sources
nto fiv e cate gories: unclassifiable, point sources, peculiar, spheroids,
nd discs. F23 identified discs as those galaxies where more than
alf of the authors classified the galaxy as a disc (note that if one
uthor classified a galaxy as unclassifiable, the resultant classification
ractions for spheroids and discs were calculated with only five
uthor votes). In addition F23 obtained both parametric and non-
arametric morphologies using the MORFOMETRYKA algorithm
Ferrari, de Carvalho & Trevisan 2015 ); in particular for this work
hey fitted S ́ersic profiles to each galaxy in all the filter images (but
nly report results for the band closest to the rest-frame optical at
= 5000 –7000 Å). F23 first performed one-dimensional S ́ersic fits

n the luminosity profile of each galaxy, which they then used as
nput for a two-dimensional S ́ersic fit done with the galaxy and the
SF images. Note that the authors of F23 were not shown the S ́ersic

ndex fit during their visual inspection. 
We cross-matched the GZ CEERS sample with the F23 sample,

esulting in 3069 galaxies within a 5 arcsec separation which were
orphologically classified by both studies. Note that F23 also

isually classify all of their galaxies as either smooth or featured,
ut do not investigate this further in their original study. Here,
e compare their featured vote fraction with the GZ featured vote

raction in Fig. 2 . The red circles in Fig. 2 show the mean featured
ote fraction from F23 in equal sized bins of GZ CEERS featured
ote fraction; the mean roughly traces the 1:1 line between the two
ote fractions, although F23 tend to be more likely to classify a
alaxy as featured, whereas GZ volunteers are more ‘pessimistic’.
imilarly, the blue circles show the mean GZ CEERS featured vote
raction in equal sized bins of featured vote fraction from F23 , which
o not trace the 1:1 line, once again demonstrating that GZ volunteers
re less likely to classify a galaxy as featured than F23 . While there
re not any galaxies which the GZ volunteers classify as featured
ut F23 do not (bottom right corner of Fig. 2 ), there are 62 galaxies
hich GZ volunteers do not classify as featured ( p feat, GZ < 0 . 2; top

eft corner of Fig. 2 ), but F23 do ( p feat, F23 > 0 . 8). Examples of such
alaxies are shown in Fig. 3 . 

 RESULTS  

o better understand how the GZ CEERS featured vote fraction,
 featured , GZ , relates to the expert disc vote fraction from F23 , p disc , F23 ,
e plot the two classifications against each other in Fig. 4 and show

he mo ving av erages for three redshift bins. In the lowest redshift
in (left panel of Fig. 4 ), if the GZ CEERS volunteers identify
 galaxy as featured, p featured , GZ > 0 . 3, then F23 are, on average,
ikely to have classified that galaxy as a disc, i.e. p disc , F23 > 0 . 5 (see
ed circles showing the mean disc vote fraction from F23 in equal
ized bins of GZ CEERS featured vote fraction). Ho we ver, with
ncreasing redshift, this agreement dissipates (see right panel of Fig.
 ). Conversely, if F23 identified a galaxy as a disc, or otherwise, the
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Figure 2. The GZ CEERS featured vote fraction, p feat, GZ , against the expert 
featured vote fractions from F23 , p feat, F23 , shown with the grey crosses (an 
increase in black saturation indicates an o v erlap of man y objects). Note that if 
one/two authors classified a galaxy as unclassifiable, p feat, F23 were calculated 
with only five/four author votes by F23 . The dashed grey line shows a 1:1 
comparison. The red circles show the mean disc vote fraction from F23 in 
equal sized bins of GZ CEERS featured vote fraction (i.e. binned on the 
x -axis). The blue circles show the mean GZ CEERS featured vote fraction 
in equal sized bins of disc vote fraction from F23 (i.e. binned on the y -axis). 
The uncertainties on the mean values are the range of means found during 
1000 bootstrap iterations recalculating with a random selection of 90 per cent 
of the sample in each bin. This figure shows how the GZ volunteers are less 
likely to classify a galaxy as featured than F23 and are more ‘pessimistic’ 
with their classifications. 
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verage p featured , GZ from GZ CEERS does not change, with volunteers 
qually likely to classify the galaxy as featureless or featured (see 
lue circles showing the mean GZ CEERS featured vote fraction in 
qual sized bins of disc vote fraction from F23 ). This is consistent
cross all three redshift bins in each panel of Fig. 4 . 

To better understand the agreement and disagreement between 
ote fractions shown in Fig. 4 , we performed a visual inspection of
alaxies found in the upper left quadrants of the panels in Fig. 4 ,
.e. those visually identified by F23 as a disc ( p disc , F23 > 0 . 5) but
ith low featured vote fractions in GZ CEERS ( p featured , GZ < 0 . 3).
igure 3. Example rgb JWST CEERS images visually identified by F23 as havin
ractions in GZ CEERS ( p feat, GZ < 0 . 2). In the top left corner of each image, we pro
rovide the GZ featured vote fraction, p feat, GZ , the F23 featured vote fraction, p feat

ach galaxy. In total, 62 galaxies fall into this category. Note that these are the exac
olunteers were asked to classify the galaxy in the centre of the image. 
e identify 839 such ‘featureless’ discs. A random sample of 15 of
hese galaxies is shown in Fig. 5 . In each panel we provide p featured , GZ ,
 disc , F23 , the S ́ersic fit from F23 , n F , and the HST CANDELS redshift,
, of each galaxy. A visual inspection confirms that these galaxies
ndeed appear to be featureless discs, with a median n F = 1 . 16 and
 range of 0 . 2 < n F < 4 . 5. 

Similarly, we then performed a visual inspection of galaxies found 
n the lower right quadrants of the panels in Fig. 4 , i.e. visually
dentified by F23 as not a disc ( p disc , F23 < 0 . 5) but with high featured
ote fractions in GZ CEERS ( p featured , GZ > 0 . 3). We identify 433 such
alaxies. A random sample of 15 of these galaxies is shown in Fig. 6 .
n each panel we provide p featured , GZ , p disc , F23 , the S ́ersic fit from F23 ,
 F , and the HST CANDELS redshift, z, of each galaxy. A visual

nspection of these galaxies shows a mix of peculiar and clumpy
orphologies, with a median n F = 1 . 6 and a range of 0 . 2 < n F <

1 . 0. 
In Fig. 7 , we then investigate the highest redshift featured discs

top row) and featureless discs (bottom row), of the two populations
iscussed abo v e. The highest redshift apparently featureless disc we
dentify is CEERS-21290 at z phot = 7 . 35 ( t lookback = 13 . 1 Gyr ) with
 ́ersic index n = 1 . 5, and similarly, the highest redshift featured disc
e identified is CEERS-11131 with both a disc and bulge feature at
 phot = 5 . 5 ( t lookback = 12 . 8 Gyr ) with S ́ersic index n = 1 . 2. While
pectral follow-up will be required to confirm the redshifts of these
ystems, it is clear that any study of the epoch of the emergence of
iscs in the Universe’s history must therefore include featureless 
iscs, which can be identified out to much higher redshift than
eatured discs (e.g. the current highest redshift galaxies identified 
ith bars or spiral arms are at z ∼ 3 –4; Guo et al. 2023 ; Wu et al.
023 ; Kuhn et al. 2024 ). 
We investigate this further by considering the change in the fraction 

f apparently featureless galaxies with redshift in Fig. 8 . The number
f featureless galaxies decreases from ∼76 per cent at z ∼ 1 to 
58 per cent at z ∼ 2, before increasing again to ∼70 per cent 

t z > 3. There are many observational biases at play here so the
oints plotted are upper limits; resolution effects will likely dominate, 
o we ver we must also consider the turno v er in the angular diameter
istance, which should allow features to be more easily spotted 
t z ∼ 2 due to magnification effects caused by the expansion of
he Universe; the drop in the apparently featureless fraction could 
herefore be due to an increase in the denominator, i.e. the number
f discs identified by F23 . 
To test this hypothesis, we also look how the fraction of galaxies

dentified as featured in GZ CEERS, N feat, GZ / N GZ , changes with
edshift, as shown in the top panel of Fig. 9 . The fraction of featured
alaxies increases with redshift from ∼31 per cent at low- z , peaking
MNRAS 539, 1359–1371 (2025) 

g a high featured vote fraction ( p feat, F23 > 0 . 8) but with low featured vote 
vide the CEERS ID of the galaxy. In the bottom left corner of each image we 

, F23 , the S ́ersic index fit by F23 , n F , and the HST CANDELS redshift, z, for 
t images which were shown to GZ CEERS volunteers during classification; 

r 2025
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Figure 4. The GZ CEERS featured vote fraction, p feat, GZ , against the disc vote fractions from F23 , p disc , F23 , shown in each panel with the black crosses. We 
split the sample into low, medium, and high redshift bins with a third of the sample in each bin. Note that if one/two authors classified a galaxy as unclassifiable, 
p disc , F23 were calculated with only five/four author votes by F23 . In each panel, the dashed grey line shows a 1:1 comparison. The red circles show the mean 
disc vote fraction from F23 in equal sized bins of GZ CEERS featured vote fraction (i.e. binned on the x -axis). The blue circles show the mean GZ CEERS 
featured vote fraction in equal sized bins of disc vote fraction from F23 (i.e. binned on the y -axis). The uncertainties on the mean values are the range of means 
found during 1000 bootstrap iterations recalculating with a random selection of 90 per cent of the sample in each bin. Note that the uncertainties on bins with 
high p feat, GZ are larger due to small number statistics; as discussed in Section 2.3 , GZ volunteers are less likely than F23 to classify a galaxy as featured. 

Figure 5. Example rgb JWST CEERS images visually identified by F23 as a disc ( p disc , F23 > 0 . 5) but with low featured vote fractions in GZ CEERS 
( p feat, GZ < 0 . 3); aka apparently featureless discs. We show a representative sample at low redshift (top row; 0 . 01 < z < 1 . 78), medium redshift (middle row; 
1 . 78 < z < 2 . 44), and high redshift (bottom row; 2 . 44 < z < 9 . 26). In the top left corner of each image we provide the CEERS ID of the galaxy. In the bottom 

left corner of each image we provide the GZ featured vote fraction, p feat, GZ , the F23 disc vote fraction, p disc , F23 , the S ́ersic index fit by F23 , n F , and the HST 
CANDELS redshift, z, for each galaxy. The examples shown are representative of a sample of apparently featureless discs one can select by combining GZ 

CEERS with expert classifications and/or parametric morphologies from F23 . Note that these are the exact images which were shown to GZ CEERS volunteers 
during classification; volunteers were asked to classify the galaxy in the centre of the image. 
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t ∼38 per cent at 2 < z < 3, before decreasing to ∼28 per cent
t z > 5. This suggests that the turno v er in the angular diameter
istance allows for easier feature classification at z ∼ 2 –3, possibly
xplaining the drop in the apparent fraction of featureless discs seen
n Fig. 8 . Otherwise, the fraction of featured galaxies identified by GZ
NRAS 539, 1359–1371 (2025) 
olunteers is fairly flat with redshift, within the uncertainties. This
uggests that the change in the fraction of apparently featureless discs
een in Fig. 8 is not entirely driven by observational biases. 

In Fig. 9 , we also show the fractions found in the GZ CANDELS
roject (Simmons et al. 2017 ) which had volunteers classify images
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Figure 6. Example rgb JWST CEERS images visually identified by F23 as not a disc ( p disc , F23 < 0 . 5) but with high featured vote fractions in GZ CEERS 
( p feat, GZ > 0 . 5). We show a representative sample at low redshift (top row; 0 . 01 < z < 1 . 78), medium redshift (middle row; 1 . 78 < z < 2 . 44), and high redshift 
(bottom row; 2 . 44 < z < 9 . 26). In the top left corner of each image we provide the CEERS ID of the galaxy. In the bottom left corner of each image we provide 
the GZ featured vote fraction, p feat, GZ , the F23 disc vote fraction, p disc , F23 , the S ́ersic index fit by F23 , n F , and the HST CANDELS redshift, z, for each galaxy 
are shown. The examples shown are representative of a sample of featured irregular/clumpy galaxies one can select by combining GZ CEERS with expert 
classifications and/or parametric morphologies from F23 . Note that these are the exact images which were shown to GZ CEERS volunteers during classification; 
volunteers were asked to classify the galaxy in the centre of the image. 

Figure 7. The highest redshift candidate featured (top row) and featureless (bottom row) discs found in GZ CEERS. In the top left corner of each image we 
provide the CEERS ID of the galaxy. In the bottom left corner of each image the GZ featured vote fraction, p feat, GZ , the F23 disc vote fraction, p disc , F23 , the 
S ́ersic index fit by F23 , n , and the HST CANDELS redshift, z, for each galaxy are shown. Note that these are the exact images which were shown to GZ CEERS 
volunteers during classification; volunteers were asked to classify the galaxy in the centre of the image. 
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rom HST surv e ys (including GOODS-S, UDS, and COSMOS). Note 
here is no o v erlap between the samples from GZ CEERS and GZ
ANDELS, so we cannot directly compare featured vote fractions 

or specific galaxies. Ho we ver, we can compare how the average
ote fractions o v er the full samples changed with redshift in Fig.
 (note that Simmons et al. 2017 also used a mix of photometric
nd spectroscopic redshifts, where available). There is a ∼3 –4 fold
ncrease in the number of featured galaxies identified with CEERS
MNRAS 539, 1359–1371 (2025) 
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Figure 8. The upper limits on the fraction of apparently featureless discs 
identified by GZ CEERS as a function of redshift. Featureless discs are 
identified as those with GZ CEERS vote fractions, p feat, GZ < 0 . 3. Whereas 
F23 visually identify discs as those galaxies with an expert disc vote fraction 
p disc , F23 > 0 . 5. The angular diameter distance is also shown by the dashed 
line using the secondary y -axis on the right. The data is split into redshift bins 
with the same number of galaxies per bin, and the points are plotted at the 
centre of the bins. Upper limit arrows are scaled to show the uncertainties on 
each calculated fraction. 

Figure 9. The lower limit on the fraction of galaxies classified as featured 
in GZ CEERS, N feat, GZ / N GZ , as a function of redshift, z, (red points). In 
grey, we also plot the equi v alent fraction for galaxies in the GZ CANDELS 
project with images taken by HST (note there is no cross-o v er between the 
galaxies clasified for GZ CANDELS and GZ CEERS). Lower limit arrows 
are scaled to show the uncertainties on each calculated fraction. The fraction 
of featured galaxies in GZ CEERS increases with redshift from ∼31 per cent 
at low-z to ∼38 per cent at 2 < z < 3, before decreasing to ∼28 per cent 
at z > 5. Whether this is a true redshift evolution, a result of the resolution 
limit of JWST , or due to the angular diameter distance turno v er is discussed 
in Section 4.1 . 
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han with CANDELS, directly demonstrating the effect of JWST ’s
mpro v ed resolution, sensitivity, and light collecting power o v er
ST . Interestingly, the featured fraction shown in Fig. 9 is lower

han the disc fraction reported by other studies in JWST imaging at
o wer redshifts, ho we ver agrees with those found at higher redshifts
f z > 5. For example, F23 find a disc fraction of ∼45 per cent
etween 1 . 5 < z < 2 and ∼30 per cent between 4 < z < 8, whereas
artaltepe et al. ( 2023 ) find that discs make up 60 per cent of galaxies

t z = 3, dropping to ∼30 per cent at z = 6 –9. The agreement at
 > 5 between the fractions reported by previous studies and found
ere with GZ CEERS, suggests that both the expert visual classifiers
nd the GZ volunteers are only able to identify discs if they are
NRAS 539, 1359–1371 (2025) 
eatured at higher redshift. Ho we ver, the disagreement in the fractions
t lower redshifts z < 5, suggests that expert visual classifiers are
pparently also able to identify featureless discs, which are not
dentified by volunteers on Galaxy Zoo. Comparing these findings in
onjunction with the results presented abo v e suggests a large fraction
f disc galaxies in JWST imaging may be truly featureless. We discuss
hether this is indeed the case below. 

 DISCUSSION  

.1 Are these truly featureless galaxies? 

n Fig. 8 , we showed how ∼58 –76 per cent of discs in CEERS
maging were featureless using a combination of volunteer and
xpert classifications from GZ CEERS and F23 , respectively. The
rst question we consider is whether these discs are truly featureless

n morphology or whether the resolution limit of JWST results in an
nability to classify any features. Although a marked improvement
etween JWST and HST was seen in Fig. 9 , it is possible that
eatures are still being missed in JWST imaging due to observational
ffects. F or e xample, in Fig. 10 , we sho w ho w the featureless fraction
ith redshift changes when controlling for total galaxy magnitude,
ag tot (across all CEERS bands used to create images shown to GZ

olunteers), and Petrosian radius, R p . The fraction of featureless discs
ncreases from ∼40 –60 per cent for brighter, larger galaxies (right
anels of Fig. 10 ), to 80 –90 per cent for fainter, smaller galaxies
left panels of Fig. 10 ) at all redshifts. The featureless disc fraction
n CEERS is therefore obviously affected by observational biases. 

In order to quantify whether this is first due to the resolution limit
f JWST , we consider the typical size of morphological features
ompared to the FWHM of the shortest (F115W; 0 . 040 arcsec ) and
ongest (F444W; 0 . 145 arcsec ) waveband filters used to produce the
alse colour NIRCam imaging shown to volunteers in the GZ CEERS
roject. We sourced FWHM values of the empirical PSF of each
lter, measured using observations of the standard star P330E from

he Cycle 1 Absolute Flux Calibration programme. 1 

We begin by considering the Petrosian radius of each galaxy
measured by F23 during their parametric morphology fits) and
rtificially redshift the entire population to consider their apparent
ize in bins from 0 < z < 8. This is shown in Fig. 11 with the
edian of the population shown by the black solid line, and the
inimum and maximum shown by the shaded region for both of the
115W and F444W filters. The detection limit at 2 R petro > FWHM

s shown by the dashed line. The effect of the turno v er in the angular
iameter distance at z ∼ 1 . 5 –2 can be seen, which we also suggest
ay partially explain our results in Figs 8 and 9 . We find that the

ntire population of disc sizes are visible abo v e the detection limit
n each of the JWST filters at all the artificial redshifts investigated,
uggesting that we should indeed be able to detect all the discs at
ach redshift probed. Ho we ver, this is the full size of the disc of the
alaxy; features such as bars and spiral arms will be smaller than
his. It is only when we investigate features which are < 0 . 1 R petro 

hat a small fraction of the population ( ∼1 per cent ) drops below the
WHM resolution limits of the F444W filter. Given that the typical
izes of bulges, bars, and spiral arms in galaxies are a significant
raction of the radius of the galaxy (at least at lower redshifts, e.g.
im et al. 2021 , showed how the ratio between bar radius and galaxy

adius stayed constant at ∼0 . 5 at z < 0 . 84), the resolution of JWST

https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-point-spread-functions#gsc.tab=0
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Figure 10. The upper limits on the fraction of apparently featureless discs identified by GZ CEERS compared to F23 as a function of redshift, as in Fig. 8 , 
split into three even magnitude bins (top) and galaxy Petrosian radius bins (bottom). Upper limit arrows are scaled to show the uncertainties on each calculated 
fraction. Featureless discs are identified as those with GZ CEERS vote fractions, p feat, GZ < 0 . 3. Whereas F23 visually identify discs as those galaxies with an 
expert disc vote fraction p disc , F23 > 0 . 5. The inverse of this measure is the featured disc vote fraction, p feat, GZ ≥ 0 . 3, shown by the secondary y -axis on the 
right. The fraction of featureless discs increases from ∼40 –60 per cent for the brighter, larger galaxies (right panels), to 80 –90 per cent for the fainter, smaller 
galaxies (left panels) at all redshifts. 
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s therefore not a major limiting factor for detecting features. This
s in agreement with the findings of Liang et al. ( 2024 ) who found
hat bar detections remain ef fecti ve at ∼100 per cent as long as the
ntrinsic bar size remains at > 2 × FWHM. 

Ho we ver , our in vestigations on disc and feature size above does
ot take into account the surface brightness of these features. Liang 
t al. ( 2024 ) did a thorough investigation of a set of simulated
EERS images (using the method outlined in Yu et al. 2023 ), taking

nto account various observational effects including spectral change, 
osmological surface brightness dimming, luminosity evolution, 
hysical disc size evolution, the shrinking in angular size due 
o distance, the decrease in resolution, and increase in signal-to- 
oise ratio with redshift. They find that as the redshift increases 
o z = 3, the ef fecti veness of detecting bars gradually decreases.
t declines from 100 per cent of bars successfully identified at 
 ∼ 0, to approximately 55 per cent of bars successfully identified 
t z ∼ 3, suggesting that up to half of all bars are missing at higher
edshift due to the impact of observational effects listed abo v e. A
imilar behaviour has been found in simulated images for HST and 
WST for spiral arms (Margalef-Bentabol et al. 2022b ; Kuhn et al.
024 ). 
We can therefore expect at least half of the featureless discs that

e have identified do indeed have features which have been missed
ue to observational effects such as surface brightness dimming. 
onversely, this suggests that at most, half of our sample truly are

eatureless discs. Ho we ver, this result is challenged by the findings
f Vega-Ferrero et al. ( 2024 ) who find that half the galaxies in
EERS classified as discs (either using machine learning or expert 
isual classifications) populate a similar region of their machine 
earning algorithm’s representation space as simulated galaxies from 

NG50 (Nelson et al. 2019 ) which have low stellar specific angular
omentum and non-oblate structure. 
i
The upper limit on the apparently featureless fraction seen in Fig. 8
f ∼58 –76 per cent is clearly an o v erestimate. Giv en the findings of
u et al. ( 2023 ), Kuhn et al. ( 2024 ), Liang et al. ( 2024 ), Vega-Ferrero
t al. ( 2024 ) and the results discussed abo v e in Figs 10 and 11 , we
evise our upper limits to suggest that at most half of our sample are
ruly featureless discs. We therefore halve the upper limit fractions 
ound in Fig. 8 ( ∼58 –76 per cent ) to estimate that the featureless
isc fraction in JWST CEERS imaging is more likely to have an
pper limit in the range of ∼29 –38 per cent . 

.2 Are these truly dynamically cold discs? 

ithout the features that identify a galaxy as rotationally supported 
e.g. bars, spiral arms), identifying an apparently featureless galaxy 
s a truly dynamically cold system with imaging data alone is
ot tri vial. Ho we ver, the light profile of a galaxy is thought to
race whether a galaxy is rotational or dispersion dominated. An 
xponential light profile (with S ́ersic index, n ≈ 1) is consistent with
 rotationally supported disc (Sersic 1968 ; Trujillo, Graham & Caon
001 ; Elmegreen & Struck 2013 ; Vika et al. 2015 ). Elmegreen &
truck ( 2013 ) showed how galaxies with exponential light profiles
ith no rotation are unstable; therefore, if a galaxy has a S ́ersic index,
 ≈ 1, then we can assume it is a dynamically cold system. Note that

he rele v ance of the S ́ersic fitting function out to such high redshifts
as yet to be established, ho we ver Yu et al. ( 2023 ) showed with
imulated CEERS images, that the average difference between the 
easured S ́ersic index, n , and the true S ́ersic index, n True is small, at
 True − n ∼ −0 . 03; suggesting that S ́ersic fitting can be successfully
pplied without significant bias for galaxies observed in CEERS. We 
an therefore use the light profile fits from F23 , specifically the two-
imensional S ́ersic indices, to probe whether the featureless discs 
dentified here are truly discs. 
MNRAS 539, 1359–1371 (2025) 
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Figure 11. The Petrosian radii compared to the FWHM of a given JWST 
filter for an artificially redshifted population of disc galaxies with redshift. 
The Petrosian radii distribution is from the distribution of discs identified in 
GZ CEERS. The median of the population at each redshift is shown by the 
black solid line, and the minimum and maximum shown by the shaded region 
for both of the F115W (top) and F444W (bottom) filters. The detection limit 
for each filter at 2 R petro > FWHM is shown by the horizontal dashed line in 
each panel. 
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We show the distribution of S ́ersic index, n F , for the apparently
eatureless (black histogram) and featured (red histogram) disc
amples in Fig. 12 . The median S ́ersic index for the featureless
isc sample is n̄ F = 1 . 0 (with 80 per cent of the sample with
 F < 1 . 5), and for the featured sample is n̄ F = 1 . 2 (with 64 per cent
f the sample with n F < 1 . 5). The two distributions are statistically
ignificantly different from each other, with an Anderson–Darling
est (Anderson & Darling 1954 ) resulting in σ = 3 . 3; note that
 ́ersic fits are typically offset by the presence of features. Despite

his difference, the two samples both have average light profiles
onsistent with an exponential profile (as shown in Fig. 12 ), i.e.
otationally supported, suggesting the apparently featureless systems
dentified here out to z = 7 . 35 are indeed dynamically cold. Future
NRAS 539, 1359–1371 (2025) 
tudies using follow-up spectroscopic data of the CEERS footprint
ith NIRSpec would be able to determine the velocity dispersion

nd kinematics (along with obtaining spectroscopic redshifts) of the
pparently featureless disc systems identified here and confirm if
hey are truly rotationally supported. 

.3 Why do these discs lack features? 

or these galaxies to be truly featureless (lacking spiral arms, bars,
ulges, clumps), there must be no density waves, disc instabilities,
idal interactions, or other processes which induce perturbations
n the stellar disc (note that Elmegreen & Struck 2013 show how
xponential discs develop from stellar scattering alone, and no
ther perturbations are required). This could be the case if they are
ncredibly gas rich; mergers of galaxies with high gas fractions are
een in simulations to reform a disc post-merger (Bois et al. 2011 ;
parre & Springel 2017 ) and gas rich systems are more resistant to
uckling and instabilities ( Łokas 2020 ). Merger rates are known to
ncrease with redshift, at least out to z ∼ 6 in HST CANDELS (e.g.
uncan et al. 2019 ), out to z ∼ 8 followed by a flat evolution in JWST
ycle-1 fields (Duan et al. 2024 ), and in simulations (Rodriguez-
omez et al. 2015 ; Snyder et al. 2019 ). Investigations on merger

ates with JWST at higher redshift are still forthcoming. Similarly,
alter et al. ( 2020 ) sho wed ho w the ratio of molecular gas to stellar
ass density increases with redshift out to z ∼ 4 in deep volumetric

urv e ys. In addition, Wang et al. ( 2022 ) use ALMA data to show
ow the mean molecular gas fraction increases out to z ∼ 4 for
ll stellar masses. While we are wary of extrapolating these trends
eyond z ∼ 4, more recent JWST studies of individual systems in
onjunction with ALMA have supported the assumption that gas
raction increases with redshift. For example, Heintz et al. ( 2023 ) find
 molecular gas fraction of f gas = M gas / ( M gas + M ∗) > 90 per cent
n a galaxy at z = 8 . 496. 

Ho we ver, Fujii et al. ( 2018 ) and Bland-Hawthorn et al. ( 2023 ,
024 ) show in their high resolution hydrodynamical simulations how
as fraction is secondary to the baryonic (i.e. stellar plus gas) versus

ark matter fraction within the disc, f disc = 

(
V c , disc ( R s ) 
V c , tot ( R s ) 

)2 
, where

 s = 2 . 2 R disc , with bar length, mass, and formation time all scaling
nversely with f disc . They find that at low f disc � 0 . 3, a bar does not



Featureless discs in JWST CEERS 1369 

f  

F  

f
z  

r  

G  

P  

m  

f
b  

w  

b
c
d  

w  

l  

(  

s  

r  

p

o
p
o

5

J
h  

e  

C  

c  

H
i  

H
d
T
s  

i
s
G
p
u
f

 

i
a  

d  

F
f  

S  

f
b  

7  

t  

e
f  

t
a  

f

h
s

d  

5  

k  

v
w  

f
(  

t  

t  

m  

r

d
c  

f  

n

T  

a

f
l  

f  

a
J  

d
S  

h  

d
t
p
s  

H

p  

e  

e  

p
o  

i  

i

A

T  

o
d  

h  

k
s

I
#
a
s  

s
M  

a
a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/2/1359/8099940 by guest on 29 Septem
ber 2025
orm in a stellar disc; this remains true even at high gas fractions.
or a baryon dominant disc, i.e. f disc > 0 . 5, they find that at all gas
ractions an intermittent bar forms within ∼500 Myr. For context, at 
 = 0, baryonic matter dominates o v er dark matter within the solar
adius of the Milky Way, with f disc ∼ 0 . 5 –0 . 65 (Bland-Hawthorn &
erhard 2016 ). Out to higher redshifts, Genzel et al. ( 2020 ) and
rice et al. ( 2021 ) have shown that baryons also dominate over dark
atter within discs between z ∼ 1 –2 . 5. Therefore, the apparently

eatureless disc galaxies found in this study in CEERS imaging might 
e galaxies which are still dominated by dark matter within the disc,
ith as yet insufficient time to build up their baryonic mass fraction.
Given this prevalence of increased merger rates, gas fractions, and 

aryonic disc fractions at increasing redshift, it follows that discs 
ould be forming and re-forming at all epochs leading to featureless 
iscs. Simmons et al. ( 2014 ) also highlight that such an environment
ith dynamically warm discs, would lead to the formation of short-

ived bar structures at high redshift. We would therefore expect a low
Simmons et al. 2014 ; estimate a bar fraction of ∼10 per cent ), yet
table, bar fraction in the GZ CEERS sample in a similar redshift
ange, which we investigate in a forthcoming paper (G ́eron et al. in
reparation). 
In order to confirm whether CEERS galaxies are indeed gas-rich 

r baryon dominated, more follow-up will be required combining the 
ower of JWST and ALMA across a morphologically diverse sample 
f galaxies, including a large number of apparently featureless discs. 

 CONCLUSIONS  

WST has allowed the identification of morphological features at 
igher redshifts than ever before, such as spiral arms (out to z ∼ 4;
.g. Wu et al. 2023 ; Kuhn et al. 2024 ), bars (out to z ∼ 4; e.g.
ostantin et al. 2023 ; Guo et al. 2023 ; Le Conte et al. 2024 ) and
lumps (out to z ∼ 8, e.g Kalita et al. 2025 ; Tohill et al. 2024 ).
o we ver, such studies which identify solely large-scale features 

n an attempt to characterize the epoch of the emergence of the
ubble Sequence do not account for the possibility of a featureless 
isc, and so will underestimate the redshift at which discs emerge. 
hankfully, the Galaxy Zoo collaboration has completed a pilot 
tudy using public JWST CEERS (Finkelstein et al. 2023 ) NIRCam
maging of ∼7000 galaxies (Masters et al. in preparation), which 
pecifically asks users if a galaxy is featured or otherwise. The 
Z CEERS classifications in combination with expert visual or 
arametric morphological classifications, are therefore incredibly 
seful for identifying a sample of this forgotten population of 
eatureless disc galaxies at high redshift. 

In this study, we combined GZ CEERS vote fractions with S ́ersic
ndex estimates and expert visual morphologies from F23 to identify 
 sample of apparently featureless discs (i.e. a mix of truly featureless
iscs and discs with features too faint to be visible at these redshifts).
rom visual inspection, we show the highest redshift apparently 
eatureless disc we identified is CEERS-21290 at z phot = 7 . 4 (with
 ́ersic index, n = 1 . 5; see Fig. 7 ), and similarly, the highest redshift
eatured disc we identified is CEERS-11131 with both disc and 
ulge feature at z phot = 5 . 5 (with S ́ersic index, n = 1 . 1; see Fig.
 ). Spectral follow-up will be required to confirm the redshifts of
hese systems, ho we ver, it is clear that any study of the epoch of the
mergence of discs in the Universe’s history must therefore include 
eatureless discs, which can be identified out to much higher redshift
han featured discs. Our apparently featureless discs sample therefore 
llows us to put limits on the redshift epoch at which discs, and the
eatures which define the Hubble Sequence, emerged, which will 
elp inform the next generation of cosmological and hydrodynamical 
imulations. Our conclusions are as follows: 

(i) We investigate the upper limit on the apparently featureless 
isc fraction as a function of redshift, finding a range between
8 –76 per cent between 0 < z phot < 7 . 4 (see Fig. 8 ). Ho we ver, we
now this will be an o v erestimate due to observational biases; the
isibility of features will naturally decline with redshift. Therefore, 
e first discussed in Section 4.1 whether these galaxies are truly

eatureless. Using simulated CEERS imaging from previous studies 
Yu et al. 2023 ; Kuhn et al. 2024 ; Liang et al. 2024 ), we discuss how
his is likely an o v erestimate giv en observ ational ef fects, and estimate
hat the truly featureless disc fraction in JWST CEERS imaging is at

ost half of the fraction reported in Fig. 8 , with an upper limit in the
ange 29 –38 per cent . 

(ii) Regardless of whether they are featureless or not, we then 
iscussed in Section 4.2 whether these galaxies are truly dynamically 
old discs. The distribution of S ́ersic indices (shown in Fig. 12 )
or both the featureless and featured disc galaxy samples peak at
 F ∼ 1, suggesting that these truly are dynamically cold systems. 
his suggests that the Hubble Sequence was therefore in place from
t least z phot ∼ 7 . 4. 

(iii) Assuming therefore that our sample indeed contains truly 
eatureless discs, in Section 4.3 we discuss why these systems 
ack features. Our hypothesis is two fold. First, that the lack of
eatures in these disc systems is due to a higher gas fraction which
llows the discs to reform. Future observations with ALMA and 
WST NIRSpec should be able to reveal their gas content and
etermine the true kinematic nature of these featureless systems. 
econd, that the baryonic versus dark matter fraction, f disc , in the
igh redshift featureless systems is too high for features to have yet
eveloped, i.e. dark matter still dominates over baryonic matter in 
hese systems. Hydrodynamical zoom-in simulations with sufficient 
article resolution predict that structure formation from instabilities, 
uch as bars, will not occur until f disc � 0 . 5 (Fujii et al. 2018 ; Bland-
awthorn et al. 2023 , 2024 ). 

The current generation of cosmological volume simulations em- 
loying � CDM predict disc formation at redshifts z ∼ 1 –4 (Parry
t al. 2009 ; Dubois et al. 2016 ; Pillepich et al. 2019 ; Semenov
t al. 2024 ). This is in direct conflict with the observational results
resented here showing that while featured discs are identifiable 
ut to z phot = 5 . 5 ( t age ∼ 1 Gyr ), apparently featureless discs are
dentifiable out to z phot = 7 . 4 ( t age ∼ 0 . 7 Gyr ) in JWST CEERS
maging. 
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